We present a physical model for the conversion of the evanescent photons into propagating photons detectable by an imaging system. The conversion mechanism consists of two physical processes, near-field Mie scattering enhanced by morphology dependant resonance and vectorial diffraction. For dielectric probe particles, these two processes lead to the formation of an interference-like pattern in the far-field of a collecting objective. The detailed knowledge of the far-field structure of converted evanescent photons is extremely important for designing novel detection systems. The model is also applicable for determination of the near-field force exerted on small particles situated in an evanescent field. This model should find broad applications in near-field imaging, optical nanometry and near-field metrology.
INTRODUCTION
Near-field microscopy using a laser trapped microscopic particle is a technique that enables optical imaging with spatial resolution beyond the diffraction limit. It utilizes a trapped microscopic particle to scatter and detect localized photons, and thereby extract high-resolution information about the object which otherwise does not reach a far-field detector. The most widely applied near-field imaging technique is scanning near-field optical microscopy (SNOM) [1] , capable of optical super resolution of 1-10 nm. The SNOM technique is used in numerous high-resolution applications such as single molecule detection experiments [2, 3] , light confinement studies [4] , single-particle plasmons observations [5] and trapping and manipulation of nano-scale objects [6, 7] . In this paper we focus on the SNOM technique based on the total internal reflection illumination (TIR) with the scattering collection ( In particular we deal with the underlying physical principle of the mechanism for the evanescent photon conversion by a microscopic particle probe, such as the one utilized with the trapped particle SNOM [8] . The model is also applicable for the determination of the near-field force exerted on such a particle [9] . Such a physical understanding is also needed in nanometry for single molecule detection, in which case a single molecule is attached to a laser trapped microscopic particle immersed into evanescent field, and is monitored by measuring the scattered field [10] .
MODEL
We base our model for the evanescent photon conversion mechanism on near-field Mie scattering enhanced by morphology dependent resonance (MDR) and vectorial diffraction by a high numerical aperture (NA) lens. The mathematical treatment of the problem is based on finding the three-dimensional vectorial field distribution around a microscopic particle immersed in an evanescent field within the framework of near-field Mie scattering when a particle is situated in a close proximity of the surface on which an evanescent field is generated [11] .
The influence of the surface is also taken into account. The effect of the trapping/collecting objective is considered by investigating the vectorial diffraction process, to determine the focal intensity distribution (FID) in the image space focal region of the collecting high NA objective. The trapping/collecting objective is one objective, used for both trapping of a microscopic particle and for collecting the scattered signal. From now on we refer to this objective as the collecting objective only. A schematic diagram of our physical model is given in Fig. 2 . A microscopic particle is situated in a close proximity of the interface at which an evanescent field is generated by the TIR (α>α c ) under either S polarized or P polarized incident illumination. The origins of our coordinate systems are located at the center of the particle (O 1 ) and at the center of the imaging focal region (O 2 ), with coordinate systems defined in Fig. 2 The signal scattered by the particle is collected by a high NA objective whose focal point coincides with the particle center. The evanescent wave generated by TIR propagates in the Y 1 direction and decays exponentially in the Z 1 direction, while interacting with the microscopic particle. The S polarized incident electric field is given by 
where l = 1 to ∞ and m = -l to +l. k' is the wave number and n' is the refractive index of the medium in which a particle probe is immersed. c is the speed of light in vacuum and ω is the angular frequency of the incident light. , respectively [12] .
This interaction of the incident field and a microparticle can be physically described in terms of superposition of the field scattered by the microscopic particle into the upper space (space above the prism surface) and partial reflection of the scattered field into the bottom space (space below the prism surface). The scattered field for S polarized illumination is given by Eq. (2), while the full treatment of this physical process is given elsewhere [11] . , respectively [12] .
Using this method the superposed scattered field on the reference sphere (entrance pupil) in object space can be determined. The transformation process from the entrance to the exit pupil imparts a scaling effect and vector rotation. If we consider scattered field vector components, described by its unit vectors 1 r , 1 θˆ, and 1 ϕˆ in coordinate system X 1 Y 1 Z 1 , they are transformed into 2 r − , 2 θ , and 2 ϕ in coordinate system X 2 Y 2 Z 2 . Considering the transformation process of the field from the entrance pupil to the exit pupil, the focal field distribution in image space can be derived by the vectorial diffraction process as given by Richards and Wolf [13] .
where E r1 , E θ1 and E ϕ1 are given by Eq.(2), while r 2 , ψ and z 2 are cylindrical coordinates of a point in the image space with a coordinate system shown in Fig. 2. 
NUMERICAL RESULTS OF NEAR-FIELD SCATTERING
Applied to evanescent photon conversion by a small dielectric particle probe for either S or P polarized incident illumination, our model leads to the FID in the far-field of the collecting lens, similar to the one obtained for imaging a dipole emitter (Fig. 3 (a) and (d) ). This is because in the small particle case the dipole approximation applies, due to the probe being much smaller than the wavelength of illuminating light, so that the particle is completely immersed into the evanescent field. Intens ity (a. u.) Vy However, when the particle radius is comparable to the wavelength of the illuminating light, the FID shows a complex interference-like structure (Fig. 3 (b) , (c), (e) and (f)). The FID in image space of the collecting lens shows a similar interference-like structure for the conversion of either S or P localized photons by large particles. The interference-like structure arises due to the enhancement of MDR and higher multipoles, scattering properties of large particles and the effects of the interface on which the evanescent field is generated.
EXPERIMENTAL RESULTS OF NEAR-FIELD SCATTERING
The experimental setup is depicted in Fig. 4 . A helium-neon laser beam was expanded and filtered using lenses L 1 , L 2 and a pinhole (PH). It was then directed onto the prism-air surface by mirror M 1 to form an incident angle of 51°, which was well above the critical angle (α c ). The prism used in the experiment had a refractive index of 1.722 and the particles under investigation were polystyrene particles diluted in water and dried on the prism surface. The particles, immersed into the created localized field, were imaged using a dry 0.8 NA objective (Olympus IC 100, infinite tube length) and projected onto an intensified CCD camera (PicoStar HR 12 from LaVision) via lenses L 3 and L 4 . The TIR portion of the incident beam was re-routed via mirrors M 2 and M 3 and a beam-splitter (BS) into the back aperture of the collecting objective (O), to enable us to locate the prism surface and thus the center of the particle under consideration. Using the experimental arrangement, we have recorded the FID pattern for a large polystyrene particle (1µm in radius) (Fig. 5) . It can be seen that the interference-like FID structure for evanescent photon conversion by a large dielectric particle probe is observable in an experiment. The theoretically determined FID is shown in Fig. 5 (a) , while the corresponding experimentally measured FID is presented in Fig. 5 (b) .
Degradation in the image resolution of the observed results is due to the imaging properties of lens L 4 . The observed structure is a result of the convolution of the point-spread function (PSF) of the imaging lens L 4 and the calculated result shown in Fig. 5(a) . The agreement between calculated and experimental results confirms that the conversion of evanescent photons is the result of two physical processes, near-field Mie scattering and vectorial diffraction. 
NEAR-FIELD TRAPPING FORCE
The fast decaying evanescent field generated at the prism surface exerts the force on microparticles situated in that field, due to the high intensity gradient. The effect of such force was investigated experimentally by Kawata and Sugiura [14] where they observe particle movements induced by the evanescent field, while the theoretical treatment was provided by Almaas and Brevik [15] .
If we consider a homogeneous microsphere situated in the particle immersion medium n' illuminated by a monochromatic EM field described by Eq. (1), the resulting scattered field by Eq. (2), and their corresponding magnetic fields [12] , the net radiation force on the microsphere according to the steady-state Maxwell stress tensor analysis is given by [16] ( ) where φ , r and θ are spherical polar coordinates, r E and r H are the radial parts of the resulting electric and magnetic fields evaluated on the spherical surface enclosing the particle. Figure 6 shows the vertical (Q z ) and the horizontal (Q y ) near-field radiation force exerted on a polystyrene particle situated in water and illuminated by an evanescent field generated by a TIR of Helium-Neon laser beam. The prism refractive index is assumed to be 1.722 and the laser beam is incident at an angle of 51˚. The forces are given in their non-dimensional form, defined as 
where E 0 is the incident field amplitude and a is the particle radius.
The results in Fig. 6 are similar to those of Almaas and Brevik [15] , and they indicate that the vertical force is negative, i.e. directed towards the prism surface, while the horizontal force is always positive. A small polystyrene particle of 1 µm in diameter, and under the influence of an evanescent field generated by a 150 mW Helium-Neon laser beam, spread over an interaction cross-section area of 100 µm, experiences a force of 0.028 pN and 0.044 pN in the horizontal direction for S and P incident polarization states respectively. The vertical force under the same conditions is slightly larger; being 0.041 pN for S polarization and 0.070 pN for P polarization. . Non-dimensional horizontal and vertical near-field forces exerted on polystyrene particles under S and P incident polarization states as a function of the particle size parameter k'a=2πa/λ. The evanescent field is generated on a prism surface (refractive Index 1.722) by a plane wave incident at 51˚.
CONCLUSIONS
In conclusion, we have presented, a physical model for the mechanism for conversion of evanescent photons into propagating photons by a small particle. The model consists of two physical processes, near-field Mie scattering enhanced by MDR and vectorial diffraction. As a result, the far-field intensity pattern of the collecting objective shows an interference-like pattern for a large dielectric particle probe, while it is similar to dipole radiation for small dielectric particles. The theoretical predictions of our model have been experimentally confirmed by measuring the FID of a large polystyrene particle. Furthermore, the model is applicable for determination of the near-field force exerted on a small particle situated in the evanescent field.
